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ABSTRACT 34 

Two methods were used to identify the paths of moisture transport that reach the US 35 

intermountain west (IMW) during heavy precipitation events in winter. In the first, the top 150 36 

precipitation events at stations located within six regions in the IMW were identified, then back 37 

trajectories were initiated at 6 hour intervals on those days at the four CFSR grid points nearest 38 

the stations. The second method identified the leading patterns of integrated water vapor 39 

transport (IVT) using the three leading Empirical Orthogonal Functions (EOFs) of IVT over land 40 

that were first normalized by the local standard deviation. The top 1% of the associated 6-hourly 41 

time series were used to construct composites of IVT, atmospheric circulation and precipitation.  42 

The results from both methods indicate that moisture originating from the Pacific that leads 43 

to extreme precipitation in the IMW during winter take distinct pathways and is influenced by 44 

gaps in the Cascade (Oregon-Washington), Sierra-Nevada (California) and Peninsula Mountains 45 

(southern California through Baja California). The moisture transported along these routes 46 

appears to be the primary source for heavy precipitation for the mountain ranges in the IMW. 47 

The synoptic conditions associated with the dominant IVT patterns include a trough ridge 48 

couplet at 500 hPa, with the trough located northwest of the ridge where the associated 49 

circulation funnels moisture from the west-to-southwest through the mountain gaps and into the 50 

IMW. 51 

 52 

  53 
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1. Introduction 54 

While generally dry, the interior of the western US can experience extreme precipitation 55 

events. For example, in early November 2006, a major rain and flood event occurred in portions 56 

of western Montana. One weather station in Glacier National Park recorded over 300 mm (12 57 

inches) of precipitation between 3-8 November and the flow in the North Fork of the Flathead 58 

River reached 18,000 cubic feet per second on 8 November exceeding the previous November 59 

record by ~40% (Berhardt 2006; Neiman et al. 2008). Extreme precipitation events can also 60 

occur over the southwest US during winter, e.g. in late January 2010 a series of three strong 61 

storms caused record precipitation and widespread flooding in central Arizona. How does the 62 

moisture penetrate the high terrain and complex topography near the US west coast in sufficient 63 

amounts to produce extreme precipitation events in the intermountain west (IMW)? Since flow 64 

over mountain causes air to cool and thus hold less moisture, air parcels likely take unique 65 

pathways through mountain gaps and/or have multiple moisture sources in order to retain enough 66 

water vapor to produce intense winter precipitation events in states such as Arizona, Colorado, 67 

Idaho and Utah.  68 

Extreme precipitation events can cause severe flooding, potentially leading to safety and 69 

infrastructure problems. Determining how these events occur in the IMW (taken here to be 70 

between the Sierra Nevada/Cascade Mountains and the Continental Divide) would help water 71 

managers and emergency planners better prepare for these extreme precipitation events. For 72 

example, the Bureau of Reclamation operates hundreds of dams in the IMW and a detailed 73 

understanding of the sources of moisture and processes leading to heavy precipitation would 74 

inform decisions about dam safety and flood hydrology. 75 
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 Long narrow bands of enhanced water vapor transport generally located ahead of cold 76 

fronts, termed atmospheric rivers (ARs, Newell et al. 1992; Zhu and Newell 1998), are 77 

associated with heavy rain and snow events along the US west coast (Neiman et al. 2002; Ralph 78 

et al. 2004; Ralph et al. 2006, Nieman et al. 2008, 2011; Ralph and Dettinger 2011). 79 

Observational studies of strong winter storms over California lead to the identification of key 80 

ingredients for heavy precipitation in the Coastal and Sierra Nevada Mountains, including: an 81 

ARs transporting warm moist air from the subtropical Pacific (known colloquial as the 82 

“Pineapple Express”, McGuirk et al. 1987, 1988; Lackmann and Gyakum 1999), upslope flow 83 

with the atmospheric moisture transport being perpendicular to the topography, a landfalling 84 

low-level jet, low static stability, and strong upper-level dynamics (Pandey et al. 1999; Neiman 85 

et al. 2002; Ohara et al. 2009). Further inland, the structure and evolution of storms and their 86 

associated precipitation are greatly altered by upstream mountain ranges, such as the Cascades 87 

and Sierra Nevada. For example, the classical model of a extratropical cyclone with strong near 88 

surface fronts often fails in the IMW, where many storms only have elevated baroclinic zones 89 

(Marwitz 1980; Schultz et al. 2002).  90 

Recent studies indicate that ARs could move inland and contribute a significant fraction 91 

(10%-50%) of wintertime precipitation in the IMW (Leung and Qian 2009; Dettinger et al. 2011; 92 

Rutz and Steenburgh 2012). Some pathways for inland ARs have been identified. Rutz and 93 

Steenburg (2012) found that ARs that traverse Baja California contribute significantly to 94 

precipitation in Arizona, exemplified by the extreme precipitation/flooding event that occurred in 95 

Arizona in January of 2010 (described above) that penetrated through gaps in the mountains 96 

along the Baja Peninsula (Neiman et al. 2013 and Hughes et al. 2014). Using combined 97 

Empirical Orthogonal Functions (EOFs) of zonal and meridional integrated water vapor 98 
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transport, Rivera et al. (2014) identified two AR patterns that cause heavy winter precipitation in 99 

the Verde River basin in central Arizona, one originates near Hawaii and crosses central Baja 100 

California mainly from the west before turning north, and the second originates in the eastern 101 

tropical Pacific and crosses southern Baja California from the southwest. Rutz et al. (2014) found 102 

that ARs could penetrate into portions of the northwest and into the southwest, including central 103 

Arizona, but appeared to be blocked by the high Sierras in California. The Great Salt Lake can 104 

also act as a regional source of moisture for heavy precipitation in northern Utah (Steenburg et al 105 

2000, Steenburg 2003). While the aforementioned studies have identified some of the moisture 106 

sources for the IMW, the moisture pathways leading to heavy precipitation in the IMW during 107 

winter have not been examined systematically. 108 

Air parcel trajectories have been used to identify the sources and transport of moisture, 109 

including those associated with ARs. Knippertz and Wernlie (2010) developed a climatology of 110 

tropical-to-extratropical trajectories of moist air that identified the Pineapple Express as one of 111 

the four main pathways although the trajectories with strong moisture transport that reach the 112 

coast of Western North America may also have midlatitude origins (Roberge et al. 2009, Neiman 113 

et al. 2013).  Using air parcel movements calculated backward in time, or back trajectories, Bao 114 

et al. (2006) found that while some of the moisture within ARs that reached the west coast of the 115 

United States originated in the tropics much of it resulted from evaporation and moisture 116 

convergence in midlatitudes in the warm sector of extratropical cyclones. Back trajectories have 117 

also proved useful in understanding precipitation processes and diagnosing moisture sources in 118 

other mountainous areas including the Appalachian Mountains (Konrad 1994; Perry et al. 2007; 119 

Furman and Konrad 2013).   120 
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Here we investigate the following questions associated with extreme precipitation events in 121 

the US IMW during the cold season (October-March):  122 

• Are there dominant moisture pathways?  123 

• Do they differ for different regions in the IMW?  124 

• Does much of the moisture transport occur through gaps in the mountains, or can 125 

moisture remain in the atmosphere after passing over higher topography?  126 

• What synoptic features are associated with the moisture transport?  127 

We will address these questions using two complementary methods: air-parcel trajectories 128 

provide a Lagrangian approach for identifying regional pathways into the IMW, while Empirical 129 

Orthogonal Function (EOF)/Principal Component (PC) analyses of integrated water vapor 130 

transport provide a large-scale Eulerian view of the dominant moisture pathways and the 131 

associated synoptic conditions. The precipitation data and atmospheric reanalysis used in this 132 

study are described section 2 along with methods used to compute trajectories and EOFs/PCs. 133 

The results are presented in section 3 and summarized and discussed in section 4. 134 

 135 

2.  Data and Methods  136 

We use a combination of data sets and methods to identify the moisture pathways and 137 

synoptic conditions associated with heavy winter precipitation events in the IMW during 1979-138 

2010, the period when high-resolution atmospheric reanalysis is available.  139 

 140 

a) Station precipitation data 141 

We obtained daily precipitation data from the Global Historical Climatology Network 142 

(http://www.ncdc.noaa.gov/oa/climate/ghcn-daily/; Durre et al. 2008, 2010; Menne et al. 2012) 143 
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to identify heavy precipitation events. We only included stations that had more than 20 years of 144 

data where less than 20% of the days were missing observations during 1979-2011 to ensure a 145 

reasonable climatology at each station. The stations were grouped into six regions covering most 146 

of the IMW including: 1) eastern Washington, northern Idaho and southeastern British Columbia 147 

(hereafter WA-nID); 2) eastern Oregon and southern Idaho (OR-sID); 3) Nevada (NV); 4) Utah 148 

and western Colorado (UT-CO); 5) southeastern California, western Arizona and southern 149 

Nevada (sCA); and 6) Arizona and New Mexico (AZ-NM; Fig. 1). While the choice of regions is 150 

subjective, their number and boundaries were based on a number of considerations, including: i) 151 

that regions have more than 50 stations (and all but NV and sCA have more than 100); ii) the 152 

location of topographic features, e.g. selecting mountain chains for some of the regional 153 

boundaries; iii) grouping stations that exhibited similar absolute or relative precipitation maxima, 154 

e.g. many of the stations in the sCA region exhibited daily precipitation maxima that had a 155 

relatively small magnitude but made a substantial contribution to the annual precipitation; and iv) 156 

the regions with integrated water vapor transport (IVT) maxima based on the EOF analysis (see 157 

Section 3b).  158 

To focus on the heaviest events in our record, we first identified the 150 maximum one-day 159 

precipitation amounts during 1979-2011 (~2.5% of winter days) at stations within each of the six 160 

regions shown in Fig. 1. The precipitation events are independent in that only the station with the 161 

maximum on that day is included. The maximum 150 one-day precipitation values within a 162 

region are shown in Fig. 2a via color shading (stations included in the analysis but without a top 163 

event are shown by open circles; some stations recorded more than one event). The precipitation 164 

amounts over the IMW range from approximately 25-175 mm, with all regions except NV 165 
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having at least one station with more than 100 mm. The greatest one-day totals (> 125 mm) are 166 

found in the central WA-nID, central OR-sID, northern sCA, and western AZ-NM regions.  167 

The percentage of the top 150 events occurring at a particular station in each of the regions is 168 

shown in Fig. 2b. Less than 5% of the events occur at most stations in all six regions in the 169 

domain. However, the extreme events are not uniformly distributed across a given region: many 170 

stations do not have a precipitation event in the top 150, but there are a few stations at which 171 

10% or even 15% of the extremes occur. The concentration of extreme events at just a few 172 

stations is most pronounced in the WA-nID, AZ-NM and sCA regions where only three stations 173 

account for ~40% of the cases. While only using the station with the maximum precipitation on a 174 

given day focuses the analyses on subareas within a region, likely the windward side of mountain 175 

ranges, it allows us to: i) have the same number of cases in each region, ii) concentrate on events 176 

that are most likely to cause damage by flooding and iii) obtain the main trajectory paths 177 

associated with the synoptic-scale circulation in winter storms, which would be similar for 178 

stations separated a few hundred kilometers (although extreme precipitation likely depends on 179 

the local winds, topography and meso-scale dynamics). 180 

 181 

b)  CFSR 182 

The primary source for the gridded atmospheric fields used here is the Climate Forecast 183 

System Reanalysis (CFSR, Saha et al. 2010) from the National Centers for Environmental 184 

Prediction (NCEP). The CFSR is global and includes atmosphere, ocean, land and sea ice 185 

models, and an assimilation system to merge the model first guess fields with observations. The 186 

resolution of the spectral atmospheric model is T382 (~40 km) with 64 vertical levels. The CFSR 187 
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analysis fields are archived on a 0.5° latitude and longitude grid at 6-hour intervals from January 188 

1979 to March 2011.  189 

In the CFSR narrow breaks in the mountains are not fully resolved and the height of the 190 

actual mountain tops is much lower than in nature, thus “gaps” are taken here to include the 191 

atmosphere above local minima in the reanalysis topography, and along steep mountain slopes, 192 

such as the north side of the Sierras. Additionally, the impact of mountain gaps on the 193 

atmosphere extends into the free troposphere (Gaberšek and Durran 2006).  194 

 195 

c)  Livneh precipitation data 196 

We also use gridded precipitation values from a high-resolution (1/16°) data set recently 197 

developed by Livneh et al. (2013) available over the conterminous United States and the 198 

Columbia River Watershed in southwest Canada for the years 1915 – 2011. It is an updated 199 

version of the Maurer et al. (2002) data set and derived using daily observations from 200 

approximately 20,000 NOAA cooperative observer stations. The daily data are rescaled so that 201 

the long-term monthly climatology equals that from the parameter-elevation regressions on 202 

independent slopes model (PRISM; Daly et al. 1994). The Livneh dataset likely provides a better 203 

representation of precipitation than CFSR in the IMW due to its higher resolution and explicit 204 

treatment of topography.  205 

 206 

d) Trajectories  207 

Backward (in time) air parcel trajectories, based on the three-dimensional wind field obtained 208 

from CFSR were computed using a method originally developed at the University of Melbourne 209 

(http://www.cycstats.org/trajectories/trajhome.htm; Noone and Simmonds 1999; Barras and 210 
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Simmonds 2009), which we modified to provide additional output including the surface pressure. 211 

Trajectories were computed for the top 150 one-day precipitation totals (as defined in section 212 

2.a) that occurred at stations within each of the six regions shown in Figs. 1&2. The trajectories 213 

were initiated from the four CFSR grid points surrounding the station that recorded extreme 214 

precipitation event and were initiated at the four 6-hour intervals on the day the event occurred. 215 

In the vertical, we examined trajectories initiated on pressure levels from 600 hPa down to the 216 

surface at 50 hPa increments (e.g. 600, 650, 700, etc.). For the results presented here, we used 217 

trajectories starting at a single pressure level located between 50 and 100 hPa above (at a lower 218 

pressure than) the surface. For example, if the surface pressure was 827 hPa, trajectories were 219 

initiated at 750 hPa level. We chose this level, which is generally located in the upper boundary 220 

layer/lower free troposphere, because it was high enough so that nearly all (> 99%) of the 221 

trajectories remained above the surface over North America but was low enough to be located 222 

within the region of strong water vapor transport (e.g., see Neiman et al. 2013, Rivera et al. 223 

2014). A total of 2400 trajectories (150 independent events x 4 CFSR grid points x 4 times per 224 

day) were initiated in each region. The position of a trajectory is computed backwards in time 225 

over the five previous days at one-hour intervals using the six-hourly three-dimensional CFSR 226 

wind fields.   227 

The results from the trajectory analysis will be influenced by several factors, including the 228 

location of stations within a region and the frequency with which they get heavy precipitation. 229 

The individual trajectories will also be influenced by the resolution of the CFSR, which is 230 

relatively fine compared to most reanalyses, but is still coarse (~40 km) relative to the 231 

topographic features in the western US. The trajectories are also not tracking moisture directly 232 
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but represent air parcels initially located near the station recording heavy precipitation; it is 233 

possible that some trajectories track a drier sector of a given storm.  234 

 235 

e) EOFs of IVT 236 

We also examine moisture pathways and associated synoptic variability using EOFs of the 237 

integrated water vapor transport (IVT). The IVT was derived from CFSR winds (𝑉) and specific 238 

humidity (q) on mandatory pressure levels that were vertically integrated from the surface to 300 239 

hPa ( 𝑉𝑞  ∆𝑝/𝑔!"#$
!""  !!" ) The IVT was computed at 6-hr intervals during winter (Oct-Mar) from 240 

1979 to 2011. The mean and standard deviation of IVT over the domain (25°N-60°N, 150°W-241 

105°W) both exhibit a maximum at ~40°N, 145°W over the Pacific that extends northeastward 242 

towards the northwest US (Fig. SM1). Given that IVT variability is greater over the Pacific and 243 

along the US west coast than in the IMW, we took several steps to highlight IVT patterns in the 244 

IMW prior to calculating the EOFs. First, IVT anomalies were computed by subtracting the 245 

monthly means from the total field and were then normalized by dividing the anomaly values by 246 

the standard deviation of the 6 hourly data over all years in a given calendar month. Finally, the 247 

EOFs were computed using only land points. We examine the three leading EOFs and use their 248 

associated PCs to identify when the patterns of IVT and other variables are of large amplitude. 249 

 250 

3  Results 251 

a.  Trajectory analysis 252 

To illustrate air parcel paths, example backward trajectories were initiated on four different 253 

days at the four CFSR grid points surrounding stations that recorded heavy precipitation in the 254 

OR-sID region (Fig. 3). While all of the trajectories came from the Pacific, they indicate that 255 
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moist air parcels can still take diverse routes to reach the lower troposphere over southwest Idaho 256 

including central and northern California, Nevada and Oregon (Fig. 3a), central Oregon (Fig. 257 

3b&d), and southern California and Nevada (Fig. 3c). Some of the trajectories indicate slower 258 

and/or more circuitous routes, e.g. two loop over northern California, while several others 259 

meander over the Snake River Plain in southwest Idaho for trajectories reaching southeast Idaho 260 

on 20 Nov 2010 (Fig. 3d). All trajectory segments occur at pressures (color shading) greater than 261 

700 hPa. The trajectories that pass through central Oregon remain at relatively low pressures 262 

(approximately 700-800 hPa; relatively high elevations) over the Cascade Mountains, while 263 

those that pass through northeastern California are located at higher pressures over California’s 264 

central valley and remain at relatively high pressure (> 800 hPa) while passing north of the high 265 

Sierra Nevada. The trajectories for 11 Mar 1995 illustrate a different path: the trajectories come 266 

from the south and stay at relatively low pressure over land; they parallel the high narrow 267 

mountain ranges in Nevada and pass through a relatively low point in the mountains in southern 268 

California, near ~35°N, 117°W. 269 

To determine if the air parcels leading to heavy precipitation have preferred routes, the 270 

number of hour-long trajectory segments that end within a CFSR grid volume are counted. The 271 

counts are performed for the back trajectories for the top 150 events (16 trajectories per event) 272 

initiated in each of the six regions and presented as maps of the number of trajectory points 273 

throughout a given CFSR column, and as cross sections of the number of counts as a function of 274 

height along a transect (indicated by the black line in Fig. 1) spanning the highest portions of the 275 

Cascade, Sierra and the Peninsula Mountains (north-south range extending from east of San 276 

Diego through Baja California).   277 
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 Count maps and cross sections for the three northern regions (i.e., WA-nID; OR-sID and 278 

NV) are presented in Fig. 4. Broad scale aspects of the topography are also shown on the maps. 279 

The count map for the WA-nID region (Fig. 4a) shows the greatest number of trajectory 280 

segments in northern Idaho and over southeast Washington, which corresponds with the area 281 

where backward trajectories are initiated (Fig. 2). Further west, the axis of higher count values 282 

continues along the Washington/Oregon border, over northwest Oregon and the Pacific. While 283 

the count map indicates that trajectories can occur across much of the northwest US from central 284 

California to the Canadian border (counts > 50), the majority of the trajectories appear to move 285 

through the Columbia River Gorge Gap in the Cascade Mountains (as indicated by the break in 286 

the 1000 m contours at ~45.5°N, 122°W) and continue along the Columbia River valley. Flow 287 

through this gorge is supported by the cross section of the number of trajectories originating in 288 

WA-nID, in that the greatest number of trajectories pass through the mountains below 800 hPa at 289 

45°N in the v-shaped notch in the topography (Fig. 4b). A modest secondary maxima occurs in 290 

the trajectory counts over central California which extends along the northern flank of the Sierras 291 

near 41°N. 292 

The count map and cross section for the OR-sID region, shown in Figs. 4c&d, show a very 293 

different pathway than the trajectories that impact northern Idaho. Along the coast the 294 

trajectories extend from the Oregon-Washington border to central California but with a preferred 295 

path over the Sacramento Valley (northern portion of the central valley), across northeastern 296 

California and northwestern Nevada and into southern Washington and Idaho. The map and 297 

cross section for this region indicates that the trajectories pass to the north of the high Sierra’s 298 

with the highest cross section count density ~50 hPa above a local terrain minimum at ~41°N 299 

near Burney, CA and over a lower elevation portion of northwest Nevada. Upon reaching Idaho 300 
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many trajectories follow the Snake River Plain, which has a bow-shape and extends across all of 301 

southern Idaho. The counts also suggest a secondary path over the Cascades and across Oregon. 302 

The count map and cross section for the NV region (Fig. 4 e&f) indicate that the highest 303 

portion of the Sierras, which extend along a northwest-southeast axis between about 35° and 38° 304 

N, are a barrier which most air parcels flow around. One trajectory path is just to the north of the 305 

high Sierra, with higher counts over north central Nevada, while a second extends over southern 306 

California and into southern Nevada. Downstream of the Sierra Nevada, there are a higher 307 

number of counts between the two branches suggesting that the moisture flow may fill in on the 308 

leeward side of the mountains. The relatively high elevation (and low pressure) that the air 309 

parcels take to reach NV, especially for the northern route, may limit the amount of moisture 310 

they carry and contribute to the lack of extreme precipitation in this region. 311 

Maps and cross sections for the three southern regions, UT-CO, sCA and AZ-NM are shown 312 

in Fig 5. For all three, the majority of the routes pass over the Pacific and into California or Baja 313 

California. The primary axis for the maximum trajectory counts for the UT-CO region (Fig. 5a), 314 

is similar to the southern branch for the NV region, i.e. across southern California and Nevada 315 

but now extends into western Utah along the western side of the Wasatch Mountains. A 316 

secondary area of high trajectory counts extends along the Utah/Arizona border, where the 317 

terrain is relatively low, and continues into southwest Colorado, where there is another 318 

maximum near the San Juan Mountains. Some air parcels reaching UT-CO during heavy 319 

precipitation events enter the US from the south including the Gulf of California. The 320 

accompanying cross-section (Fig. 5b) indicates that the highest number of trajectories pass south 321 

of the high Sierras at ~35°N between 900 and 750 hPa near a gap in the mountains.  322 
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The majority of the back trajectories in sCA were initiated and traverse the southern portion 323 

of the region (Fig. 5c), which they reach by either utilizing a zonal path near the border with 324 

Mexico or by crossing northern Baja California near ~29°N and then going north over the Gulf 325 

of California. The accompanying cross-section (Fig. 5d) indicates that both paths are influenced 326 

by mountain gaps where more trajectories pass through the northern gap.   327 

The trajectory count maximum occurs in the western part of AZ-NM region (Fig. 5e) in the 328 

vicinity of the Mogollon Rim, where many extreme precipitation events occurred. The pathways 329 

for the AZ-NM are similar to those for the sCA region, except that more trajectories utilize the 330 

southern gap at ~29°N (Fig. 5f), which is wider and deeper than the one near the border.  331 

Count maps of back trajectories over six-hour intervals (e.g. 0-6, 6-12 hours, etc.) are shown 332 

for all six regions in the supplementary material. Going forward in time, air parcels extending 333 

over a wide swath of the North Pacific propagate to the west/northwest and generally cross the 334 

west coast of North America 24-36 hours prior to reaching the target region (Figs. SM2-7).  335 

How unique are these pathways; i.e. are the trajectories on all winter days in general similar 336 

to or different than those associated with extreme precipitation events?  To address this question 337 

we randomly selected days and locations (which could include those with extreme events) to 338 

initialize the back trajectories as follows: for each region we determine the stations at which the 339 

top 150 events occurred, then randomly select one of these stations and a date between October 340 

and March from 1979-2011 using a random number generator. As in the extreme cases, 341 

trajectories were initiated at the four CFSR gridpoints nearest to the station and at four six-hour 342 

intervals on the randomly chosen day. This procedure was repeated 300 times based on the 343 

number of trajectories needed to obtain stable count results for the random cases; the counts were 344 

then scaled by dividing by two so they could be directly compared with the 150 extreme cases. 345 
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Count maps and cross sections for the randomly generated trajectories in the northern and 346 

southern regions are shown in Figs. SM8&9, while the difference in the counts between the 347 

extreme and randomly generated trajectories are shown in Figs. 6&7.  348 

The general patterns of the count maps and cross sections for the random generated 349 

trajectories (Figs. SM8&9) are similar to those based on the extreme cases in all six regions 350 

(Figs. 4&5). For example, as in the extreme cases, a large fraction of the trajectories at randomly 351 

selected stations/days for the WA-nID region follow the Columbia River valley passing through 352 

the gap in the Cascades. However, consistent differences between the two are apparent as well. 353 

The back trajectory counts within the boundaries of all six regions are lower in the extreme 354 

compared to the random cases (Figs. 6&7).  This suggests faster movement of the air parcels, i.e. 355 

fewer trajectories remain in the target region over time, and likely more moisture transport by 356 

stronger winds during winter periods with extreme precipitation. In addition, the back trajectories 357 

exhibit a more southwesterly path and are generally lower in the atmosphere in the extreme 358 

compared to the random cases. For example, in the OR-sID region (Fig. 6c&d), the number of 359 

trajectories passing through California and north of the Sierras increases and the number of 360 

trajectories through the Columbia Gorge gap decreases in the extreme relative to the random 361 

cases; there are also fewer trajectories on extreme days above (at pressures less than) 700 hPa.  362 

One anticipates that air parcels originating further north and/or at higher elevation would be 363 

cooler and carry less water vapor. This analysis suggests, that while the pathways into the 364 

interior west on days with heavy precipitation might not be unique, strong flow from the 365 

southwest at lower elevations is effective at funneling moisture through the mountain gaps. 366 

 367 

b)  EOFs and PC based composites 368 
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The three leading EOFs of IVT are shown in Fig. 8a; recall that the EOFs are computed using 369 

normalized IVT values over land, so they are better able to depict the patterns of variability in 370 

the IMW. The dominant pattern, which explains 28.5% of the variance, has one sign over the 371 

western US with a maximum in southern Oregon/Idaho.  The 2nd EOF, which explains 23.8% of 372 

the variance, exhibits a meridional dipole of IVT, with centers over Arizona and along the US-373 

Canada border and the third EOF, which explains 9.9% of the variance, has anomalies of one 374 

sign over California and Nevada and anomalies of the opposite sign over the rest of the land 375 

points in the domain. The three leading EOFs exhibit broad spatial patterns and explain more 376 

than 60% of the variability over the western US.  377 

Histograms of the three leading PCs are shown in Fig. 8b, where the PC indicates the 378 

amplitude and phase of the associated EOF pattern over time. The histogram of PC 1, is highly 379 

skewed towards positive values, indicating large positive IVT anomalies into the western US, 380 

where EOF 1 exhibits maximum variance, are much more common than large negative 381 

anomalies. This is consistent with the atmospheric river concept, with a strong narrow band of 382 

water vapor transport during storms, and weak/diffuse dry conditions between storms. The 383 

second and third PC also exhibit positive skew but not to the extent of PC 1.  384 

EOFs maximize the explained variance over the entire domain and the patterns are required 385 

to be orthogonal in both space and time, which can result in nonphysical patterns. This is 386 

especially the case for lower order EOFs/PCs. However, there is not a set decision criteria for 387 

determining how may EOFs are statistically significant and the number of EOFs corresponding 388 

to physical patterns in the system may be different from this criteria (e.g., see Hannachi et al. 389 

2007). We examine the synoptic conditions associated with the leading EOFs using PC-based 390 



 18 

composites of the full anomaly fields but modify the compositing method (described below) to 391 

extract realistic synoptic patterns associated with EOF/PC 3.  392 

The EOF analysis was performed using IVT anomalies during all cold season days at 6 hr 393 

intervals; since we wish to focus on extreme events, composites were constructed based on when 394 

the largest amplitude values (> |99%|) of the three leading PCs occurred. We used the upper 1%, 395 

an average of 232 cases for the 6-hourly values used here, as opposed to the top 150 cases 396 

(~2.5%) based on daily values as done for the precipitation-based trajectory analysis. (The PC-397 

based composites using the top 2.5% of the values <not shown> are similar to the ones presented 398 

below albeit with weaker amplitude.) Since EOF 1 covers the entire western US and heavy 399 

precipitation is likely associated with large positive IVT PC 1 values, “high” composites are 400 

constructed only for periods with large positive PC values. For EOF/PC 2, positive values are 401 

associated with strong IVT into the southwest US, while large negative values indicate strong 402 

transport over the northern tier states; thus both high and “low” (bottom 1%) composites are 403 

constructed for this PC. The pattern identified by EOF 3 suggests the potential for strong IVT 404 

anomalies both near the southern and northern border for positive PC 3 values, while negative 405 

PC 3 values are associated with positive IVT anomalies in central California. Since the latter 406 

would mainly lead to precipitation in the high Sierras but not in the IMW, we will construct 407 

composites using positive PC 3 values.  408 

The synoptic conditions associated with high PC 1 values are illustrated via composite maps 409 

(including values over the ocean) of the non-normalized anomalous IVT magnitude, direction, 410 

and convergence (-∇⋅IVT), the specific humidity (q) at 700 hPa, 500 hPa height, and 411 

precipitation from CFSR and the Livneh data set.  The composite IVT maps (Fig. 9a&b) show 412 

large IVT anomalies extending northwestward from the subtropical Pacific into the northwest US 413 
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consistent with a strong AR coming onshore in Oregon and California. Smaller-scale IVT 414 

anomalies suggest two pathways towards the interior: one through northern Oregon and into 415 

Washington, northern Idaho and Montana and a second over central California then extending 416 

northeastward across northern Nevada, southern Idaho and extending into Wyoming. The water 417 

vapor anomalies (Fig. 9c) emphasize the southern of these two routes and resembles the main 418 

trajectory pathway associated with heavy precipitation events in the OR-sID region (cf. Fig. 4c). 419 

The anomalous circulation exhibits a trough centered west of Vancouver Island and a ridge over 420 

the southwest (Fig. 9d). Both the ridge and trough exhibit a southwest to northeast tilt, with a 421 

strong gradient between them especially over the northwest US. Assuming geostrophic flow, the 422 

height anomalies are consistent with the cyclonic (counterclockwise) IVT vectors west of 423 

Canada and anticyclonic (clockwise) IVT west of Baja California with strong onshore flow of 424 

moisture into the western US. The anticyclonic IVT center is located west of the 500 hPa ridge 425 

due to larger mean values of q over the Pacific Ocean than the western US, so the winds 426 

transport much more water vapor onshore. Lead/lag sea level pressure (SLP) anomaly 427 

composites (Fig. SM10) indicate that a low pressure anomaly over the northeast Pacific 428 

intensifies and moves northeastward over the two days before reaching a maximum near 429 

Vancouver Island (at zero lag, concurrent with the other composite fields). The SLP anomaly 430 

exhibits a more zonal structure and extends further inland than the trough at 500 hPa. 431 

The IVT exhibits strong convergence (Fig. 9b, green shading) over the Sierra and Cascades 432 

from California to southern Canada and along the coastal range in northern California. A 433 

secondary maximum is clearly evident over mountainous regions of Idaho and western Montana. 434 

These results indicate that the moisture transport identified by IVT EOF 1 doesn't just pass 435 

through the IMW but converges over the western mountain ranges, with corresponding weak 436 
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anomalous moisture divergence on the leeward side of some mountains. While a detailed 437 

moisture budget analysis is beyond the scope of this study, the convergence of IVT (-∇⋅IVT) is 438 

primarily balanced by precipitation minus evaporation plus the time tendency of the column-439 

integrated moisture (e.g., Newman et al 2012 and references therein). Since evaporation and the 440 

moisture tendency are generally smaller than the other budget terms during winter over the IMW 441 

(e.g. Smith and Kummerrow 2013), the IVT convergence and precipitation patterns should be 442 

similar. Indeed, the composite maps of precipitation (Fig. 9e&f, note smaller domain relative to 443 

other maps) are very similar to those of -∇⋅IVT (Fig. 9b).  This is consistent with the orographic 444 

driver of winter precipitation in the IMW, with moisture transported from the Pacific Ocean into 445 

the interior precipitating out when the air impinges on mountain ranges. While the broad pattern 446 

of the precipitation anomalies in CFSR and Livneh data sets (Figs. 9e & f, respectively) are 447 

similar, fine scale features are much better resolved in the high-resolution Livneh data set and are 448 

clearly influenced by the local topography. For example, anomalous heavy precipitation 449 

associated with PC 1 occurs near the peaks in the Sawtooth and Salmon River Mountains in 450 

central Idaho but the anomalies are negligible just to the south over the Snake River Plain (Fig. 451 

9f). 452 

The PC2 high composite exhibits enhanced moisture transport from the Pacific Ocean, across 453 

southern California and the Baja Peninsula, and into the southwestern US (Fig. 10a&b). Within 454 

this broad region, there are two enhanced regions of IVT and 700 hPa q, one along the 455 

US/Mexico border and the other across Baja California at approximately 29-30°N (Fig. 10a&c), 456 

where the topography is generally less than 800 m, relatively low areas in the Peninsula 457 

Mountains. These enhanced areas of IVT transport are consistent with the major paths for 458 

trajectories that traverse southern California and Baja California for heavy precipitation events in 459 
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the three southern regions, especially sCA and AZ-NM (Fig. 4). The circulation anomalies 460 

exhibit a wave train with a large trough centered over Oregon/Northern California flanked by 461 

ridges to the northwest and southeast, with a strong gradient in the height field from southern 462 

California/northern Baja California northeastwards towards Wyoming. The associated SLP 463 

anomaly propagates eastward and becomes zonally elongated and centered further east than the 464 

500 mb anomaly (at zero lag) along the border between Idaho, Nevada and Utah (Fig. SM11). 465 

The anomalous moisture flux convergence resulting from this flow is extensive (Fig. 10b), with 466 

large -∇⋅IVT values and heavy precipitation in the Sierra and Peninsula Mountains in California 467 

but also in the interior including the Mogollon Rim in Arizona, the Wasatch Mountains in Utah 468 

and the San Juan Mountains in southwest Colorado (Fig. 10e&f).  469 

The PC 2 low composite features IVT anomalies with a long fetch across the eastern Pacific 470 

extending from ~25°N, 145°W to the Pacific Northwest where it turns and extends eastward 471 

along the Canadian border (Fig. 11a&b). A local maximum in IVT and q extend across 472 

Washington, northern Idaho and into Montana (Fig. 11a,b&c), which is consistent with the 473 

trajectory path leading to heavy precipitation in the WA-nID region (Fig. 4a). The 500 hPa 474 

height pattern features a ridge centered over the IMW and a trough off the Canadian coast, which 475 

are elongated along a southwest-northeast axis (Fig. 9d). As in the previous composites, the 476 

anomalous SLP is zonally elongated with a strong gradient along its southern flank, here parallel 477 

to the US/Canadian border (Fig. SM12). Strong IVT convergence and heavy precipitation occurs 478 

over the Olympic and Cascade Mountains in western Washington and southern British Columbia 479 

with a secondary maxima over northern Idaho and southeast British Columbia (Fig 11b,e,f). 480 

However, there is anomalous IVT divergence but positive precipitation anomalies in a few 481 

narrow meridional bands, such as in central Washington and western Montana extending 482 
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northwest into Canada. These occur in the lee of mountains and are likely associated with 483 

subsidence and drying. This apparent discrepancy with enhanced precipitation in these regions 484 

may be due to several factors including: i) enhanced evaporation compensating for the moisture 485 

divergence; ii) a non-negligible decrease over time in the column-integrated moisture content; 486 

and iii) after assimilation of observations the moisture budget is not balanced in CFSR (or other 487 

reanalyses). Weak negative precipitation anomalies also occur over northern California and 488 

Colorado. 489 

To determine if EOF 3 represents a coherent pattern we first regressed out the contribution of 490 

both EOF 1 and 2 from the full anomaly fields at each time step (the original EOF 3 becomes the 491 

leading pattern of the remaining variance). We then computed the correlation between regional 492 

averages of the IVT anomalies in the northern center of this EOF (northern Washington; 48°-493 

50°N, 120°-118°W) and the southern center (northwestern Mexico; 28°-30°N, 111°-109°W), 494 

which have the same sign (Fig. 8). The correlation between the two regions is  -0.07 for all days 495 

and -0.25 for the top 1% of the PC values. This suggests that the IVT in the two regions, 496 

associated with the original EOF/PC3 are not strongly related but are an artifact of the analysis 497 

technique. (In the full data set the two regions are strongly anti-correlated (r=-0.83), due to the 498 

out-of-phase relationship between IVT anomalies in these two areas associated with EOF/PC 2). 499 

The atmospheric circulation associated with the positive phase of EOF 3 includes a relative 500 

small-scale “cut-off” low-pressure center located just west of northern Baja California (not 501 

shown). Cutoff lows are fairly common in the wintertime circulation and can cause heavy 502 

precipitation in the southwest US (Knippertz and Martin 2007) and are different from the 503 

weather patterns associated with the first two EOFs.   504 
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The following procedure is used to construct composites that isolate the cutoff lows and the 505 

related IVT and circulation anomalies over the southwest. First, based on the full anomaly fields, 506 

we identify 6-hr periods with the top 1% of PC 3 values. Next we exclude periods that are in the 507 

top or bottom 1% of PC 2 cases, as PC 2 strongly influences IVT in the southwest US.  Finally, 508 

we retain events where the IVT anomaly is positive in the southern center of EOF 3 located over 509 

northwest Mexico.  We retain 116 cases that pass these criteria to construct a composite. The 510 

composite indicates enhanced IVT transport and q over southern Baja California, the Gulf of 511 

California, northwest Mexico and into southern Arizona and New Mexico (Fig. 12).  While the 512 

topography in northern Mexico is relatively high, moisture may be able to move through the 513 

north-south oriented mountain valleys of northern Mexico and over the low topography along the 514 

eastern shore of the Gulf of California. Moisture can also propagate inland from the Gulf of 515 

California into Arizona along the Colorado and Gila River valleys. The 500 hPa (Fig. 12d) and 516 

SLP field (Fig. SM13) exhibit a cutoff low, just west of northern Baja California with a weak 517 

trough to the north, from which the cutoff may have been linked to at a previous time. Over the 518 

US, the precipitation exhibits a maximum over the Mogollon Rim in Arizona and western New 519 

Mexico. These circulation and precipitation anomalies closely resemble the “Type 2” AR events 520 

identified by Rivera et al. (2014). Enhanced precipitation also occurs over western Washington, 521 

likely associate with the weak trough located to the north, perhaps indicating a link between 522 

precipitation in the northwest and southwest US identified in the original EOF 3. 523 

  524 

4.   Summary and Discussion  525 

Two complementary methods were used to identify the paths that moisture takes to reach the 526 

US intermountain west that contribute to heavy precipitation events during winter. In the first, 527 
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the top 150 precipitation events at stations located within each of six regions in the IMW were 528 

identified, then back trajectories were initiated on those days at the four CFSR grid points nearest 529 

the stations. While the trajectories track air parcels and not moisture explicitly, by initiating the 530 

parcels relatively close to the surface (within 50-100 hPa of the SLP) where the moisture is 531 

concentrated, the trajectories should provide a reasonable representation of water vapor 532 

movement. The second method identified the leading patterns of integrated water vapor 533 

transport, using the three leading EOFs of IVT over land that were first normalized by the local 534 

standard deviation. The top 1% of the associated PCs were used to identify 6 hr periods in which 535 

the amplitude of the EOF patterns were large and then composites of IVT, atmospheric 536 

circulation and precipitation were computed using those periods. To focus on regions where 537 

moisture transport was strong, composites were constructed using positive (“high”) values of 538 

PCs 1, 2 and 3 and negative (“low”) values of PC2 (with large IVT along the Canadian border); 539 

only a subset of these days were used in the PC3-based composites to better isolate realistic 540 

synoptic conditions in the southwest US. 541 

The results from both methods clearly indicate that moisture originating from the Pacific that 542 

produces extreme precipitation in the IMW US during winter take dominant pathways that are 543 

influenced by gaps in the Cascade (Oregon-Washington), Sierra-Nevada (California) and 544 

Peninsula Mountains (southern California through Baja California). The following paths for 545 

different regions were identified (shown schematically in Fig. 13): 1) the Columbia River basin 546 

is a conduit for moisture to reach eastern Washington, northern Idaho and western Montana; 2) a 547 

surprising path from central and northern California, north of the high Sierras (~41°N), then 548 

north into eastern Oregon and Idaho, into the mountains of central Idaho and along the Snake 549 

River Plain; 3) to the north and south (~35ºN) of the high Sierras to reach Nevada; 4) just south 550 
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of the Sierras into portions of Utah, Colorado and Arizona; and 5) flow centered over gaps in the 551 

Peninsula Mountains near the US-Mexico border, at ~29ºN and over the southern portion of the 552 

peninsula that has relatively low topography, bringing moisture to Arizona and western New 553 

Mexico. These pathways are consistent with recent studies of the penetration of atmospheric 554 

rivers into the IMW; i.e. Rutz and Steenburg (2012) found that the high Sierras strongly block 555 

the inland penetration of ARs, while Neiman et al. (2013), Hughes et al. (2014), Rivera et 556 

al.  (2014), and Rutz et al. (2014), have found that water vapor transport leading to heavy 557 

precipitation in the Mogollon Rim passes through low points in the mountains of Baja California. 558 

The moisture transported along these routes appears to be the primary source for heavy 559 

precipitation for the mountain ranges in the IMW including the Bitterroot Mountains in northern 560 

Idaho, Salmon and Sawtooth Mountains in south/central Idaho, the Wasatch Mountains in Utah, 561 

the San Juan Mountains in southwest Colorado and the Mogollon Rim in Arizona.  562 

Several factors may influence the moisture pathways identified here. There can be two (or 563 

more) pathways to a given region: e.g., air parcels that reach the WA-nID region from California 564 

via the mountain gap to the north of the Sierras, in addition to the main pathway along the 565 

Columbia River valley. A single pathway can also transverse more than one region; e.g. water 566 

vapor transport through the gap south of Sierras can result in heavy precipitation in southeastern 567 

California (sCA), eastern Nevada (NV), the Mogollon Rim (UT-NM), and the Wasatch and San 568 

Juan Mountains in southwest Colorado (UT-CO). Also the station locations, which are usually 569 

located in valleys, likely miss extreme precipitation events at higher elevations and thus the 570 

associated pathways. For example, the trajectory analysis did not clearly identify the path that 571 

leads to heavy precipitation in the mountains of northern Colorado, such as the Gore or Park 572 

Ranges (near ~40°N, 106.5°W). Thus, a more quantitative method for identifying regions (e.g., 573 
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Bernard et al. 2013), including precipitation estimates from higher elevations and using finer 574 

resolution data sets that better resolve gaps through the complex topography may lead to a more 575 

precise depiction of the moisture pathways in the IMW.  576 

The seasonal cycle, including changes over the course of the cold season, could impact the 577 

moisture transport into the IMW. We briefly investigated the seasonal cycle impact on moisture 578 

transport over the winter months using two different EOF analyses of 6-hr IVT. First, we 579 

examined the variability of the PC values associated with the three leading PCs during the 580 

months of October through March. The amplitude of the standard deviation and the 95th 581 

percentile values are similar for each of the three PCs during all six months, with mid winter 582 

values (DJF) being somewhat stronger (10-20%) than in early winter for EOF 1 and 2, while 583 

EOF 3 values are slightly (5-10%) stronger in November and December (Fig. SM14). Second, 584 

the EOFs were calculated using two-month periods: Oct-Nov, Dec-Jan and Feb-Mar. The EOF 585 

patterns and percent variance explained (Fig. SM15) and standard deviation of the PC values 586 

(not shown) are all very similar to each other and the EOFs obtained from the full Oct-Mar 587 

period (Fig. 8a). These analyses suggest that the patterns of moisture transport do not vary 588 

greatly over the course of the winter, but this preliminary finding should be examined in much 589 

greater detail. 590 

While the topography clearly influences the moisture transport and precipitation in the IMW, 591 

it is the large-scale atmospheric circulation and synoptic conditions that ultimately shape the 592 

conditions necessary for heavy precipitation to occur. For example, under some conditions the 593 

flux of warm moist air may be strong enough so that not all of the moisture precipitates over the 594 

Cascade Mountains and can thereby reach eastern Oregon and Idaho (see Figs. 4 and 7). In 595 

addition, the pathways identified here are not limited to moist air (Figs. SM8&9). Air also flows 596 
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through these gaps from the west during dry conditions, albeit more from the north and at higher 597 

elevations; e.g. trajectories reaching the OR-sID region often pass through the Columbia River 598 

gap.  599 

The general synoptic conditions associated with heavy precipitation events in the IMW 600 

include a trough ridge couplet at 500 h Pa, with the trough located northwest of the ridge and a 601 

tight gradient between them over and upstream of where the heavy precipitation occurs. The 602 

accompanying circulation results in strong moisture transport from the southwest that reach a 603 

maximum near the topographic gaps. While our analyses are based on precipitation and IVT over 604 

the western US, the general circulation features are consistent with studies of ARs that impact 605 

the Pacific coast and feature concentrated moisture transport ahead of a cold front that extends 606 

thousands of kilometers southwestward over the Pacific Ocean. In addition to the large-scale 607 

ridge and trough system in midlatitudes, smaller-scale cutoff lows, which move on shore at 608 

~30°N, can also transport tropical moisture across southern Baja and the Gulf of California 609 

resulting in heavy precipitation over central Arizona (also see Knippertz and Martin 2007; 610 

Rivera et al.  2014). 611 

Determining potential pathways and sources for extreme precipitation events may help 612 

inform decisions about dam safety, flood hydrology, and future monitoring. The trajectory and 613 

EOF/composite analyses performed here could also provide useful indicators for short-term (1-2 614 

day) predictions at dam sites and indicate the attributes of winter storms that generate the 615 

heaviest precipitation in a given region.  The impact of lower frequency climate phenomena, 616 

such as ENSO, on the moisture transport and pathways warrants further study. 617 

 618 
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Figure Captions 793 

Fig. 1 a) Topographic map (m, shading, scale on right) of the western United States and Northern 794 

Mexico, that shows the six regions (colored text) used to compute the back trajectories: WA-nID 795 

(green), OR-sID (dark blue), NV (orange) UT-CO (light blue), sCA(purple), AZ-NM(yellow), 796 

mountain ranges are in black, with the major ranges of the Cascades, Sierra’s and Rocky 797 

Mountains in larger font; River valleys in italics; and station locations are indicated by triangles 798 

with the color of their respective region. The black curve, extending along the crest of the 799 

Cascade, Sierra and Peninsular Mountains, indicates the position of the cross section shown in 800 

Figs. (4-7 and SM8&9). B) Cross section of the topography (in hPa) along the black curve shown 801 

in a). 802 

 803 

Fig. 2. a) The 150 maximum one-day precipitation amounts during 1979-2011 at stations within 804 

each of the six regions. Only the station with the maximum on a given day is included, although 805 

a station could have more than one event among the 150 cases. Open circles show stations 806 

without a top event. b) Percentage of the top 150 events occurring at a particular station in each 807 

of the regions. 808 

 809 

Fig. 3 Examples of backward trajectories that were initiated near the surface (surface pressure - 810 

50 hPa) at the four CFSR grid points around the station at 00Z on the day during which one of 811 

150 top precipitation events occurred in the OR-sID region.  The dates and precipitation amounts 812 

are given above the panels for the four cases. The pressure (hPa) along a trajectory segment is 813 

shown by the color (blue-red) scale on the lower right and the terrain height (m) by the (green-814 

white) scale on the bottom left.  815 
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 816 

Fig. 4. Count Maps (left) and Cross section (right) indicating the number of back trajectories that 817 

pass through a CFSR grid column originating in the a) WA-nID, b) OR-sID, and c) NV regions. 818 

The trajectories are initiated at 00, 6, 12 and 18z on days when one of the top 150 (independent) 819 

precipitation events occurred. The trajectories are initiated at the four CFSR grid point around 820 

the station that recorded the event at a single pressure level located between 50 and 100 hPa 821 

above the surface (see text for more details). A total of 2400 trajectories were initiated in each 822 

region. The position of a trajectory is estimated at one-hour intervals over the five previous days 823 

using the six-hourly three-dimensional CFSR wind fields.  Topography is depicted via a 5-point 824 

smoother applied to the 30 arc-second (~1 km) terrain height, with contours at 1000 m (3281 ft), 825 

1500 m (4921 ft) and 2300 m (7546 ft) and stippling above 2300m. Vertical cross section of the 826 

back trajectory counts along the crest of the Cascade, Sierra and Peninsular Mountains (black 827 

curve in Fig. 1) for the a) WA-nID, b) OR-sID, and c) NV regions. The terrain is shown in black.  828 

 829 

Fig. 5. As in Fig 4, but for the count maps (left) and cross sections (right) for the top 150 events 830 

in the UT-CO, sCA and AZ-NM regions.  831 

 832 

Fig. 6. Count maps (left) and cross sections (right) of the difference between the back trajectories 833 

for the top 150 days with precipitation and 300 randomly chosen days (scaled by a factor of 0.5) 834 

over the 1979-2011 winters in the WA-nID, OR-sID, and NV regions. 835 

 836 

Fig. 7. As in Fig. 6., but count maps (left) and cross sections (right) of the difference between the 837 

top and random back trajectories in the UT-CO, sCA and AZ-NM regions. 838 
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 839 

 840 

Fig. 8. a) The three leading EOFs of the 6-hourly CFSR IVT anomalies, normalized by the local 841 

IVT monthly standard deviation, during October-March computed over the western United 842 

States. The anomalies are shown as a regression between the principal component (time series) 843 

and the normalized anomaly. The percent of variance explained by each EOF is shown in the 844 

upper right. b) Histograms of the three leading principal components normalized values. 845 

 846 

Fig. 9. “High” Composites maps constructed from the top 1% (232 6-hourly values) of the first 847 

principal component, (PC 1) of the anomalous: IVT (a) magnitude; (b) IVT direction (vectors) 848 

and IVT convergence/divergence (shading, convergence = -∇⋅IVT > 0, mm day-1); (c) 700 hPa 849 

specific humidity (q, g kg-1); (d) 500 hPa heigh (dm); (e) precipitation from CFSR (mm day-1); 850 

and (f) precipitation from Livneh (mm day-1). 851 

 852 

Fig. 10.  As in Fig. 9, but for the “High” Composites maps constructed from the top 1% of PC 2 853 

values. 854 

 855 

Fig. 11.  As in Fig. 9, but for the “Low” Composites maps constructed from the bottom 856 

(negative) 1% of PC 2 values. 857 

 858 

Fig. 12.  As in Fig. 9, but for the “High” Composites maps based on the top 1% of PC 3 values.  859 



 40 

To extract a realistic signal from this EOF we also exclude periods that are in the top or bottom 860 

1% of PC 2 cases, and retain events where the IVT anomaly is positive in the southwestern US, 861 

isolating cutoff lows, leaving 116 events in the composite. 862 

 863 

Fig. 13. Schematic (a) map and (b) cross section along the black line in (a) showing the major 864 

moisture pathways from the Pacific Ocean into the intermountain west. 865 

  866 
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 867 

Fig. 1 a) Topographic map (m, shading, scale on right) of the western United States and Northern Mexico, 868 
that shows the six regions (colored text) used to compute the back trajectories: WA-nID (green), OR-sID 869 
(dark blue), NV (orange) UT-CO (light blue), sCA(purple), AZ-NM(yellow), mountain ranges are in 870 
black, with the major ranges of the Cascades, Sierra’s and Rocky Mountains in larger font; River valleys 871 
in italics; and station locations are indicated by triangles with the color of their respective region. The 872 
black curve, extending along the crest of the Cascade, Sierra and Peninsular Mountains, indicates the 873 
position of the cross section shown in Figs. (4-7 and SM8&9). B) Cross section of the topography (in 874 
hPa) along the black curve shown in a). 875 
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 876 

 877 

 878 

 879 

 880 

Fig. 2. a) The 150 maximum one-day precipitation amounts during 1979-2011 at stations within each of 881 
the six regions. Only the station with the maximum on a given day is included, although a station could 882 
have more than one event among the 150 cases. Open circles show stations without a top event. b) 883 
Percentage of the top 150 events occurring at a particular station in each of the regions. 884 

  885 
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 886 

 887 

 888 

Fig. 3. Examples of backward trajectories that were initiated near the surface (surface pressure - 50 hPa) 889 
at the four CFSR grid points around the station at 00Z on the day during which one of 150 top 890 
precipitation events occurred in the OR-sID region.  The dates and precipitation amounts are given above 891 
the panels for the four cases. The pressure (hPa) along a trajectory segment is shown by the color (blue-892 
red) scale on the lower right and the terrain height (m) by the (green-white) scale on the bottom left.  893 
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 895 

 896 

 897 

Fig. 4. Count Maps (left) and Cross section (right) indicating the number of back trajectories that pass 898 
through a CFSR grid column originating in the a) WA-nID, b) OR-sID, and c) NV regions. The 899 
trajectories are initiated at 00, 6, 12 and 18z on days when one of the top 150 (independent) precipitation 900 
events occurred. The trajectories are initiated at the four CFSR grid point around the station that recorded 901 
the event at a single pressure level located between 50 and 100 hPa above the surface (see text for more 902 
details). A total of 2400 trajectories were initiated in each region. The position of a trajectory is estimated 903 
at one-hour intervals over the five previous days using the six-hourly three-dimensional CFSR wind 904 
fields.  Topography is depicted via a 5-point smoother applied to the 30 arc-second (~1 km) terrain 905 
height, with contours at 1000 m (3281 ft), 1500 m (4921 ft) and 2300 m (7546 ft) and stippling above 906 
2300m. Vertical cross section of the back trajectory counts along the crest of the Cascade, Sierra and 907 
Peninsular Mountains (black curve in Fig. 1) for the a) WA-nID, b) OR-sID, and c) NV regions. The 908 
terrain is shown in black.   909 
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 910 

 911 

Fig. 5. As in Fig 4, but for the count maps (left) and cross sections (right) for the top 150 events in the 912 
UT-CO, sCA and AZ-NM regions.   913 
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 914 

 915 

Fig. 6. Count maps (left) and cross sections (right) of the difference between the back trajectories for the 916 
top 150 days with precipitation and 300 randomly chosen days (scaled by a factor of 0.5) over the 1979-917 
2011 winters in the WA-nID, OR-sID, and NV regions. 918 
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 920 

 921 

Fig. 7. As in Fig. 6., but count maps (left) and cross sections (right) of the difference between the top and 922 
random back trajectories in the UT-CO, sCA and AZ-NM regions. 923 

  924 
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 925 

 926 

 927 

 928 

 929 

Fig. 8. a) The three leading EOFs of the 6-hourly CFSR IVT anomalies, normalized by the local IVT 930 
monthly standard deviation, during October-March computed over the western United States. The 931 
anomalies are shown as a regression between the principal component (time series) and the normalized 932 
anomaly. The percent of variance explained by each EOF is shown in the upper right. b) Histograms of 933 
the three leading principal components normalized values. 934 

935 
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 936 

 937 

Fig. 9. “High” Composites maps constructed from the top 1% (232 6-hourly values) of the first principal 938 
component, (PC 1) of the anomalous: IVT (a) magnitude; (b) IVT direction (vectors) and IVT 939 
convergence/divergence (shading, convergence = -∇⋅IVT > 0, mm day-1); (c) 700 hPa specific humidity 940 
(q, g kg-1); (d) 500 hPa heigh (dm); (e) precipitation from CFSR (mm day-1); and (f) precipitation from 941 
Livneh (mm day-1). 942 
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 943 

 944 

Fig. 10.  As in Fig. 9, but for the “High” Composites maps constructed from the top 1% of PC 2 values. 945 
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 946 

 947 

Fig. 11.  As in Fig. 9, but for the “Low” Composites maps constructed from the bottom (negative) 948 
1% of PC 2 values. 949 



 52 

 950 

 951 

Fig. 12.  As in Fig. 9, but for the “High” Composites maps based on the top 1% of PC 3 values. To extract 952 
a realistic signal from this EOF we also exclude periods that are in the top or bottom 1% of PC 2 cases, 953 
and retain events where the IVT anomaly is positive in the southwestern US, isolating cutoff lows, 954 
leaving 116 events in the composite. 955 
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 956 

 957 

Fig. 13. Schematic (a) map and (b) cross section along the black line in (a) showing the major 958 
moisture pathways from the Pacific Ocean into the intermountain west. 959 
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